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Inclusive K+-meson production in proton-nucleus interactions 
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Abstract. The production of if^-mesons in pA {A = D, C, Cu, Ag, An) collisions has been investigated 
at the cooler SYnchrotron COSY- Jiilich for beam energies Tp = 1.0 — 2.3 GeV. Double differential 
inclusive p C cross sections at forward angles < 12° as well as the target-mass dependence of the K'^- 
momentum spectra have been measured with the ANKE spectrometer. Far below the free A'^A'^ threshold 
at Tjvjv ~ 1.58 GeV the spectra reveal a high degree of collectivity in the target nucleus. From the target- 
mass dependence of the cross sections at higher energies, the repulsive in-medium potential of if "'"-mesons 
can be deduced. Using pN cross-section parameterisations from literature and our measured pD data we 
derive a cross-section ratio of a{pn — » K'^ X)/a{pp — > K^X) ~ (3 — 4). 



PACS. 13.75.-n Hadron-induced low- and intermediate-energy reactions and scattering - 
induced reactions and scattering 



25.40.-h Nucleon- 



1 Overview 

One important topic of contemporary hadron physics is 
the investigation of the influence of tlie nuclear medium on 
the properties of hadrons and their production processes. 
Such phenomena can, for example, be studied in detail by 
measuring meson production in proton-nucleus collisions. 
If the measurements are carried out at projectile energies 
below the threshold for free nucleon-nucleon (NN) colli- 
sions (so-called subthreshold production) these processes 
necessarily imply collective effects involving several of the 
nucleons inside the target nucleus, /v "*"-production is par- 
ticularly well suited for such investigations since this me- 
son is heavy compared to the pion, so that its production 
requires strong medium effects. As a consequence, the pro- 
duction of "'"-mesons in proton-nucleus collisions is an 
appropriate tool to learn either about cooperative nuclear 
phenomena or high momentum components in the nuclear 
many-body wave function. 

In this paper we present data obtained at the ANKE 
spectrometer [1] of COSY- Jiilich on inclusive produc- 
tion with various targets and over a wide range of beam 
energies, see Sects. 3 and 5. A simple parametcrisation, in 
terms of a few Lorentz-invariant variables, is presented 
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in Sect. 4 which allows us to compare our data, mea- 
sured at near- forward angles -d < 12°, with those obtained 
in other experiments under different kinematical condi- 
tions. It is shown that the data at the lowest beam en- 
ergy Tp = 1.0 GeV [2], reveal a large collective behaviour 
of the target nucleons. Either large intrinsic momenta of 
the nucleons must be involved in the isT "'"-formation pro- 
cesses or the number of participating nucleons must be 
significantly larger than one. The latter could, for exam- 
ple, be due to multi-step processes. At the higher energies, 
Tp > 2.0 GeV, our data suggest that direct kaon produc- 
tion on single nucleons prevails. 

Final state interactions (FSI) can mask the informa- 
tion about the production mechanisms. However, due to 
the strangeness content of the if "'"-meson {S = +1), FSI 
effects are generally considered to be rather small. As a 
consequence the mean free path of if ^-mesons at normal 
nuclear density po is as large as ~ 6 fm. In a previous 
publication [3] we have shown that the low momentum 
part of the if "'"-spectrum is sensitive to the Coulomb and 
the in-medium repulsive nuclear potential. In Sect. 3.2 we 
compare the data from ANKE with model calculations us- 
ing a CBUU transport code [4,5]. The comparison allows 
for a determination of the if ^-potential at normal nuclear 
density. 

Experimental data on the if ^-production cross sec- 
tion from proton-neutron (pn) interactions in the close- 
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to-thrcshold regime are not yet available. This quantity 
is crucial, for example, for the theoretical description of 
proton-nucleus (pA) and nucleus-nucleus (AA) data. Pre- 
dictions for the ratio of the proton-induced production 
cross sections on neutrons (cr„) and protons (tTp), i?„p = 
Cn/fp, range from unity to a factor of six, depending on 
the underlying model assumptions. In Ref. [6] it was pro- 
posed that there should be no difference between pro- 
duction on the neutron and proton, whereas isospin-based 
models yield i?„p ^2 [7]. The authors of Ref. [8] draw an 
analogy between K~^- and ry-meson production and predict 
Rnp ~ 6. In Sect. 5 we present inclusive ANKE data for 
production in p D reactions. Based on a simple phase- 
space estimate we conclude that the total X^-production 
cross section on neutrons is significantly larger than that 
on protons. 



2 K+ identification with ANKE and 
determination of absolute cross sections 

2.1 The ANKE spectrometer and detectors 

The COoler SYnchrotron COSY-Jiilich [9], which provides 
proton beams in the range Tp = 0.04 — 2.88 GeV, is well 
suited for the study of i^T^-meson production in pp and 
pA reactions. In measurements with very thin window- 
less internal targets, secondary processes of the produced 
mesons can be neglected and, simultaneously, sufficiently 
high luminosities are obtained. Foil or cluster-jet targets 
have been used at ANKE, providing effective luminosities 
of £ > 10'^^cm~^s~^ and £. > 10^^ cm~^s~^, respectively. 
For the foil-target measurements, the COSY beam with 
an intensity of (2 — 4) x 10^° protons is accelerated to 
the desired energy on an orbit below the target (in or- 
der to avoid unwanted beam-target interactions and beam 
losses during acceleration) [1]. These targets are strips of 
C, Cu, Ag or Au with thicknesses of (40-1500) ^g/cm^. 
After acceleration the beam is slowly steered upward onto 
the target over a period of approximately 50 s, keeping 
the trigger rate in the detectors nearly constant at (1000- 
1500) s~^, a level that can be handled by the data acqui- 
sition system with dead time corrections of less than 25%. 
For the study of pD interactions, a deuterium cluster-jet 
target [10] has been used, providing areal densities of up 
to ~ 5 X 10^^ cm~^. Due to the lower target density, the 
cycle times were here typically in the range of 5-30 min- 
utes, and the rate load on the detectors was smaller than 
in the case of the solid targets. 

When using the deuterium cluster-jet target at ANKE, 
the luminosity can be measured with a telescope consisting 
of three silicon counters with thicknesses of respectively 
60 ^m, 300 /im, and 5 mm [11]. These so called "specta- 
tor" counters are located within the vacuum pipe of the 
accelerator a few centimetres to the side of the circulat- 
ing proton beam, see Fig. 1. They cover polar angles in 
the range 83° - 104° and ±7° in azimuth. The abihty 
to identify a deuteron and measure its kinetic energy in 
the telescope allows one to determine the luminosity by 



measuring proton-dcuteron clastic scattering in parallel 
to kaon production. Such a "direct" luminosity measure- 
ment is not possible with the foil targets since the differen- 
tial cross sections for the emission of spallation products 
are not known with sufficient accuracy. Therefore, a dif- 
ferent procedure has been developed where the measured 
K'^ yields from the carbon target are normalised to pion 
cross sections from literature, see Sect. 2.2. A major ad- 
vantage of this method is that only the ratios of luminosi- 
ties >C^+ /Ck+ during 7r+ calibration and K'^ data-taking 
runs has to be determined, which reduces systematic un- 
certainties. 

Subthreshold /\ ^-production was one of the primary 
motivations for building the large-acceptance ANKE spec- 
trometer [1]. This facility consists of three dipolc mag- 
nets, which separate forward-emitted reaction products 
from the circulating proton beam and allow one to de- 
termine their emission angles and momenta. Depending 
on the choice of the magnetic field in the spectrometer 
dipole D2 (see Fig. 1), A'^-mesons in the momentum range 
Pk ~ 150 — 600 MeV/c can be detected. The angular ac- 
ceptance for these momenta is ±12° horizontally and up 
to ±7° vertically. 

The layout of ANKE, including detectors and the data- 
acquisition system, has been optimised to study K'^ spec- 
tra at beam energies down to Tp ^ 1.0 GeV [2, 12]. This is 
a very challenging task because of the smallness of the K~^- 
production cross sections, e.g. 39 nb for pC collisions at 
1.0 GeV [13]. The ANKE detection system for K+ mesons, 
located along the side of D2, permits kaon identification 
in a background of pions, protons and scattered particles 
up to 10^ times more intense. For the identification of the 
AT^-mesons the following criteria are used: 

— ANKE provides horizontal momentum focusing of the 
ejectiles. This is used to define the AT^-momenta in 
15 telescopes which are located along the focal surface 
of the spectrometer dipole D2. The momentum ranges 
covered by each telescope, given in the left columns of 
Tables 4 and 8 in the Appendix, are determined by 
their widths (10 cm) and the dispersion of D2. 

— A fast on-line trigger system, based on start- and stop 
detectors of a time-of-flight setup, allows for the selec- 
tion of individual start-stop combinations and thus of 
particles with certain momenta and emission angles at 
the target. Narrow time-of-flight (TOF) gates can be 
defined for the identification of pions, kaons and pro- 
tons, respectively. 23 TOF-start counters are located 
close to the exit window of the D2 vacuum chamber in 
order to maximise the distance to 15 TOF-stop coun- 
ters which are the foremost ones in the telescopes (see 
Fig. 1). 

— The range telescopes discriminate pions, kaons and 
protons with the same momenta due to their differ- 
ent energy losses. Passive copper degraders in the tele- 
scopes between the scintillation counters enhance the 
discrimination efficiency. 

— The A'+-mesons are stopped in the AE counters or 
in the second degrader of each telescope. Their de- 
cay mainly into ^i^v^ and tt'^t:^ with a lifetime of 
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~600MeV/c 



Fig. 1. Layout of ANKE and the iS'"'"-detection system. The two MWPCs provide tracking and momentum reconstruction of 
the ejectiles. ^-identification is achieved with the help of time-of-flight (TOF) and energy-loss measurements in the 15 range 
telescopes [12]. The momentum range covered by the telescopes is indicated for the maximum field strength in D2 of _B = 1.57 T. 
The dashed lines depict trajectories of particles with low/medium/high momenta and horizontal emission angles of ±10° at 
the target. The dotted line sketches the trajectory of particles bypassing D2 and hitting stop counters 2-5, which are used for 
luminosity monitoring. Also indicated is the location of the target-near spectator counters for luminosity monitoring together 
with the cluster target. On the right hand side a schematic top view of one telescope is presented. 



T = 12.4 ns provides a very effective criterion for kaon 
identification via the detection of delayed signals in 
a so-called veto counter (vifith respect to prompt sig- 
nals from e.g. a 7r+ produced in the target punching 
through all counters of a telescope). 
— The tracks of the ejectiles are measured vifith two multi- 
wire proportional chambers (MWPCs). From this in- 
formation the emission angles at the target are de- 
duced and a suppression of background not originating 
from the target is possible. 

For further details of the A'+ identification procedures, we 
refer to an earlier publication [12]. 

The production of A^'^'-mesons has been studied with 
ANKE at beam energies Tp = 1.0, 1.2, 1.5, 2.0 and 2.3 GeV 
for C, Cu, Ag and Au targets. Two different settings of 
the magnetic field in D2 were used: B = 1.3 T ("1.3 T 
mode") for Tp = 1.0, 1.2, 2.0 and 2.3 GeV, and B = 
1.57 T ("1.6 T mode") for Tp = 1.2, 1.5 and 2.3 GcV. 
With these two modes of operation different regions of 
the kaon-momentum spectra can be explored. For exam- 
ple, the lower D2 magnetic field of i? = 1.3 T is sufficient 
to measure the complete kaon momentum spectrum at 
Tp = 1.0 GeV, whereas with the 1.6 T mode larger kaon 
momenta are accessible, which is advantageous at higher 
beam energies. The geometry of the experimental setup 
as well as the i4r+-identification procedures is identical for 
the two field values, though different methods for the nor- 
malisation to pion cross sections have been applied. The 
spectra from p D interactions have been obtained at 
Tp = 2.02 GeV using the 1.6 T mode, and for Tp = 1.83 
GeV at an intermediate field strength ("1.45 T mode"). 

2.2 Normalisation of the pC — *• K~^X cross sections 

When using foil targets at ANKE, absolutely normalised 
kaon cross sections are deduced from the number of iden- 
tified kaons -/V]^+ in each telescope i (with mean momenta 



p*), using differential 7r+ cross sections from literature 
measured under similar kinematical conditions. 

The detection and identification of 7r"*'-mesons, which 
have been measured in different runs with dedicated trig- 
ger conditions, in the ANKE detectors is rather simple and 
the analysis procedures are straightforward. Since the pi- 
ous can be identified by TOF and energy-loss in the stop 
counters alone, the pion detection efficiency is given by 

, _ TOF{z) MWPC(J) decay x 

The efficiency of the TOF-AE criterion for pions is large, 
^TOF(0 ^ gg^^ j^2]. The MWPC efficiencies e||^WPC(^) ^^^^ 
been measured for each beam energy and are larger than 
95%. The decay probabilities between target and stop 
counters were obtained from simulation calculations. 

The differential cross sections for Tr^-production in p C 
interactions have been taken from Rcfs. [14,15]. The 7r+- 
momentum spectrum has been measured at Tp = 1.0 GeV 
for — 0° at the Petersburg Nuclear Physics Institute 
(PNPI) [14]. At higher beam energies only the produc- 
tion cross sections at a fixed pion momentum of = 500 
MeV/c and = 2.5° arc known from an experiment 
at the Lawrence Berkeley Laboratory (LBL) for Tp = 
1.05, 1.73, 2.1 and 4.2 GeV, both for positively and neg- 
atively charged pions [15]. The results of the two exper- 
iments have to be combined before they can be used for 
the normalisation of the ANKE data. Additional values for 
the 7r+-production cross section at Tp = 2.66 and 3.5 GeV 
can be calculated when cross sections of 7r~-production, 
which have been measured at LBL also for these interme- 
diate energies [15], are included into the analysis. 

The ratios of the differential pion cross sections R = 
(7^+/(77r- calculated from the LBL data [15] for Tp = 
1.05, 1.73, 2.1 and 4.2 GeV are shown in Fig. 2 (upper). 
When fitting these ratios by a polynomial, only the sta- 
tistical errors of the data have been taken into account 
in order to avoid double counting the systematic errors. 
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which are considered later. The resulting interpolated val- 
ues of R a,t Tp = 2.66 and 3.5 GeV together with the 7r~- 
production cross sections from Ref. [15], can then be used 
to derive the 7r+ cross sections at these energies. This gives 
d'^a^+fdfidp = (41.8±1.2) and (59.8±1.2) ^b/(srMeV/c) 
at Tp = 2.66 and 3.5 GeV, respectively. 
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Fig. 2. Upper: Ratio of pion-production cross sections R = 
a„+/a^- for pC n^X reactions at — 500 MeV/c as a 
function of the beam energy. The solid dots represent the cal- 
culated ratios using tt'^ and tt" cross sections from Ref. [15]. 
The solid line is a polynomial fit to these points. The energies 
where only n~ cross sections are available [15] are indicated. 
Middle: 7r"''-production cross sections at p^=500 MeV/c. Up- 
wards pointing triangles denote the data from Ref. [14] , down- 
wards represent the data from Ref. [15]. Lower: Averaged tt"*"- 
production cross sections as a function of beam energy. The 
curve shows the result of the fit with second order polynomial. 
See text for definition of the error bars. 



The combined cross sections for tt^ production are 
shown in Fig. 2 (middle). In Ref. [14] a total systematic 
uncertainty of 6% is given, while the authors of Ref. [15] in- 
dicate an overall systematic uncertainty of 20% and a rel- 
ative systematic uncertainty between the individual data 
points of ~10%. The mean value of the PNPI and LBL 
cross sections at Tp = 1.0 GeV of (76.9±4.6) ^b/(sr MeV/c) 
shown in Fig. 2 (lower) has been calculated according to 
the averaging method from PDG [16] for results of differ- 
ent experiments {i.e. for averaging and fitting the statisti- 
cal and systematic errors are added in quadrature and this 
combined error is used later on). The cross sections from 
Ref. [15] for Tp = 1.05, 1.73, 2.1, 2.66, 3.5 and 4.2 GeV 
have been scaled up in order to match the averaged value 
at Tp = 1.0 GeV (Fig. 2 (lower)). The total error of these 
points is the quadratic sum of the above mentioned rel- 
ative systematic uncertainty and the error of the scaling 
factor. 

In order to determine the 7r+ cross section at any in- 
termediate energy, the data have been fitted by a second- 
order polynomial. The error of the fit has to take into 
account a complete error matrix since the systematic un- 
certainties of the data are the main source of the errors. 
The result of this fitting procedure is presented in Fig. 2 
(lower) and Table 1. 



Table 1. tt "'"-production cross sections for p^+ = 500 MeV/c 
as a function of the beam energy calculated from the data in 
Refs. [14, 15] . The errors include all statistical and systematic 
errors, as explained in the text. 



Tp (GeV) 


d^cr f fih \ 
dfidp VsrMcV/c-' 


1.0 


78.1 ±4.6 


1.2 


71.9 ±3.9 


1.5 


64.4 ±3.5 


2.0 


56.7 ±4.0 


2.3 


55.0 ±4.2 



In the following the notation a = d^cr/(di7dp) is used 
for the differential kaon (pion) cross sections which can be 
calculated from (^^+) as 



<^K+{Tp,p'') = 



<^7v+iTp,p') 



-K+ 



N]i^(Tp) 
(ApAr?)^^ 

NUiTp) 1 J 

(ApAr2);+ ' C,^{Tp)' 



(2) 



(3) 



where (ApAfiy are the angular-momentum bins covered 
by each telescope and Cj(+ i^Tr+ ) denote the luminosities 
integrated over the corresponding data-taking runs. Sim- 
ilar to pions the kaon-identification efficiencies are given 

by 

J _ Tcl.(j) MWPC(j) decay 

The efficiencies of the individual telescopes are in the 
range e™ ''*'' ^ 10 — 30%. They have been obtained from 



M. Biischer et al.: Inclusive K -meson production in proton- nucleus interactions 



5 



a dedicated calibration run at Tp = 2.3 GeV [12]. The 



MWPC efficiencies amount to e^wpc(») ^ _ 93% jj^yj 
depending on the kaon momenta, i.e. the telescope num- 
ber i. 

From the analysis outlined above the pion cross sec- 
tions CT7r+(Tp,p*) are available either as aT^+{1.0GeV,p'^) 
(spectra from Ref. [14] downscaled in order to match the 
average cross section at 1.0 GeV from Table 1) or as 
cr,+ (Tp,500MeV/c) (values given in Table 1). As a con- 
sequence, two different normalisation methods have to be 
used for the two data sets (1.3 and 1.6 T modes): the 
1.3 T data comprise the measurement at Tp ~ 1.0 GeV 
where the pion momentum spectrum is available in the 
full ANKE momentum range, whereas the 1.6 T data have 
been obtained at energies Tp > 1.2 GeV where only the 
cross sections at p^^^ = 500 MeV/c are known. 

Normalisation of the 1.3 T data: The pion and 
kaon data have been obtained at identical settings of the 
spectrometer, thus (ApA]7)^+ — (ApA!?)J^+. These an- 
gular-momentum bins can be calculated from Eq. (3): 



1 



1 



-(Tp,pO C^+iTp) 
1 



7v;+(i.o) 



(5) 



a,+ (1.0,pO £,+ (1.0) 
Using Eq. (2) one obtains: 

aKATp,Pn^N'k4Tp)- 

iV;^(1.0) ' Ck^(Tp)' e]^^ ■ ^ > 

The relative luminosity normalisation £,+ /£/<-+ (Tp) 
has been obtained individually for each beam energy by 
monitoring the interaction of the proton beam with the 
target to an accuracy of 2% using stop counters 2-5 in 
four-fold coincidence. This selects ejectiles which are pro- 
duced in the target by hadronic interactions and bypass 
the spectrometer dipole D2, see Fig. 1. The signal of these 
monitors has been corrected for the dead time of the data 
acquisition system. For the more general case of differ- 
ent beam energies, i.e. for the ratio £,+ (1.0)/£/^+(rp) in 
Eq. (6), one has to use 



^.+ (1-0) 

^K+iTp) 



£,+ 


(Tp) 


£,+ (1.0) 


Ck+ 


^.ATp) 


£,+ 


(Tp) 


cr^+{Tp,p'') 


£a'+ 


C7,+ (1.0,p*) 



(7) 



Since Eq. (7) is valid for any telescope i {i.e. momentum 
p) we choose i = 15 since a^+iTp.p^) is only available for 



= 15 _ 



500 MeV/c: 



£,+ (1.0) _ £,+ a,+ (Tp,500) A^^^l.O) 

£^+(Tp) £a+ ^ ^> ■ <T,+ (1.0,500) ■ Nl%{Tp) ' ^""^ 

Combining Eqs. (6) and (8) one finds the final formula for 
normalisation of the kaon cross sections: 

aK+iTp,p') = Nl^^Tp)- 



(T,+ 



(1.0,p' 



^:+(i.o) 



-(Tp) 



a,+ (rp,500) iV^^(l.O) 
a,+ (1.0,500) ■ NlliTp) 



Normalisation of the 1.6 T data: For the higher 
field strength the spectra could not be measured at Tp = 
1.0 GeV, since this energy would result in a too large beam 
deflection angle in the ANKE dipoles [1]. Hence, Eq. (5) 
cannot be used and the 1.6 T data have been analysed 
applying identical cuts such that (ApAi?)* is constant 
(with an accuracy of better than 5%) for all telescopes 
and beam energies. Emission angles of the analysed par- 
ticles [^horl < 6° and [i?vcrt| < 3.5° have been selected, 
the momentum acceptance of each telescope has been re- 
stricted to Ap < 6 MeV/c. In the 1.6 T mode particles 
with p = 500 MeV/c are detected in telescope 13, thus: 



{ApAny 



{ApAfif^ 



a,+ (rp,500) £,+ (rp) 

Together with Eq. (2) this leads to: 



,13 



(9) 



a^+(Tp,pO = A^]f+(rp) 



a,+(rp,500) £, 



(Tp) 



-K+ 



-(Tp) 



,13 



(10) 



In principle, the (simpler) 1.6 T normalisation formula 
could also be applied to the 1.3 T data. However, the 
latter were generally measured with lower statistics which 
would be further reduced by the restriction of the accepted 
angles Af2 and momenta Ap leading to significantly larger 
statistical uncertainties. 



2.3 Target-mass dependence of the cross sections 

The target-mass dependence of the "'"-production cross 
sections has been determined using the formula: 



R{A/C) 



'K+ 



'K+ 



K+ 



tol.(i) 



£C 
£^ 



(11) 



Here the index "A" stands for the copper, silver and 
gold targets, respectively, while "C" refers to carbon. Nji+ 
is the number of identified kaons in each telescope i after 
dead-time corrections. £ stands for the integrated lumi- 
nosity during data taking for the particular target. 

In principle, absolute production cross sections could 
have been determined also for the heavier targets using the 
normalisation procedure described in the previous para- 
graph. However, absolute cross sections for Cu, Ag and 
Au are not needed for the following analyses, but only 
the cross-section ratios R{A/G). These have the advan- 
tage of higher accuracy since many possible systematic 
errors, such as corrections for the detection efficiencies in 
the ANKE range telescopes, cancel out. 
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The luminosity ratio j in Eq. (11) can be de- 
duced from the ratio of pion rates, measured under iden- 
tical experimental conditions for each target during cal- 
ibration runs using an on-line trigger optimised for 7r+ 
detection: 



3 Inclusive l^+-momentum spectra for 

A > 12 

3.1 Absolute cross sections for p^^C K~^X 
reactions 



tel. #13/15 



(12) 



p=500 MoV/c 



is the number of pions detected by telescope #13 
(which detects ejectiles with momenta of 500 MeV/c in 
the 1.6 T mode) or #15 (1.3 T mode), normalised to the 
proton-beam flux. For a momentum of 500 MeV/c the 
ratio of the pion-production cross sections cr^+ can be ex- 
tracted from experimental data [14,15,18] taken in the 
energy range Tp = 0.73 — 4.2 GeV at emission angles of 
0°, 2.5° and 15°. Figure 3 shows the cross-section ratios 
for Cu/C and Pb/C calculated from those data. 
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Fig. 3. Ratios of the 7r"'"-production cross sections for Cu/C 
and Pb/C at = 500 MeV/c as a function of the projectile 
energy Tp. The data were taken from Refs. [18] (triangles, Tp — 
0.73 GeV, = 15°), [14] (squares, Tp = 1.0 GeV, = 
0°) and [15] (circles, Tp = 1.05 - 4.2 GeV, ■0^+ = 2.5°). The 
lines are linear fits to the data points. The arrows indicate 
the uncertainties of the ratios at the minimum and maximum 
energy measured with ANKE. 



From Fig. 3 one can deduce the 7r+-production ratios 
for Cu/C and Au/C. For Cu/C values of 1.81 ± 0.05 at 



Tp = 1.0 GeV and 1. 



± 0.18 at Tp = 2.3 GeV are ob- 



tained. For Pb/C the ratios are 2.34±0.07 and 2.80±0.29, 
respectively. All values agree within 10% with ratios scal- 
ing as i.e. 1.74 and 2.58 for Cu/C and Pb/C, respec- 
tively. Thus, assuming an A^^^ dependence, it is possible 
to calculate from the ratios Pb/C those for Au/C. We use 
for the ratio Au/C values of 2.29 ± 0.07 at Tp = 1.0 GeV 
and 2.73 ± 0.27 at Tp = 2.3 GeV. The analysis of our 7r+- 
data shows that the cross-section ratios are to about 2% 
independent of the 7r+-emission angle within the ANKE 
angular acceptance. 



The measured cross sections for production in p C in- 
teractions are shown in Fig. 4 and listed in Tables 4 and 5. 
The overall systematic uncertainties coming from the nor- 
malisation to pion data described in Sect. 2.2 {i.e. errors 
given in the right column of Table 1 plus 2% for the uncer- 
tainty of the beam monitoring) arc egyst = 8, 7, 7, 9 and 
10% for Tp = 1.0, 1.2, 1.5, 2.0 and 2.3 GeV, respectively 
The error bars of the individual data points include the 
uncertainties arising from the efficiency-correction factors 
of Eq. (1) and (4) but not the overall uncertainty from 
the pion normalisation. In both operation modes of D2, 
kaons could be identified in telescopes #3-15 whereas in 
the two closest telescopes the background from scattered 
particles turned out to be too large. 
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Fig. 4. Double differential p^^C K+X cross sections mea- 
sured at ANKE. The numerical values are reported in Ta- 
bles 4 and 5. Black circles denote the cross sections mea- 
sured at Tp = 1.0 GeV [2], squares at Tp = 1.2 GeV, stars 
at Tp — 1.5 GeV, crosses at Tp = 2.0 GeV and triangles at 
Tp — 2.3 GeV. Closed symbols correspond to the measure- 
ments with B — 1.3 T in the full ANKE acceptance, while 
open symbols to B = 1.57 T and ^hor < 6°, invert < 3.5°. The 
error bars do not include the systematic uncertainties from the 
normalisation to pion data. 



At Tp = 2.3 GeV there are discrepancies between the 
two data sets for pii+ < 450 MeV/c, whereas at Tp = 
1.2 GeV they coincide. This cannot be caused by the an- 
gular dependence of production because the cross sec- 
tions evaluated in the even more restricted angular inter- 
val, ]6'hor| < 4° and [iJvortl < 2.5° are in agreement with 
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those obtained for |6'hor| < 6° and |?9vcit| < 3.5°. Fur- 
thermore, the discrepancy is unlikely to be due to the 
identification procedure since, for this particular en- 
ergy, different analysis algorithms were applied giving a 
difference in the cross sections smaller than 2%. We con- 
clude that there is an unknown source of systematic errors, 
which may yield an additional uncertainty of up to 30% 
at the highest measured beam energy. These uncertain- 
ties vanish when one calculates the cross-section ratios for 
different target nuclei, see Sect. 3.2. 



3.2 Target-mass dependence of R{A/C) 

The cross section ratios R{A/C), measured with the two 
operation modes of D2, for beam energies Tp = 1.0, 1.5, 
1.75 and 2.3 GeV are hsted in Tables 6, 7, 8 and 9. These 
complement the published partial results [2,3]. No data 
for targets heavier than carbon was taken for Tp = 1.2 
and 2.0 GeV, whereas the absolute normalisation was not 
estabhshed at Tp = 1.75 GeV. 

The measured ratios i?(Au/C) at all beam energies are 
shown in Fig. 5. For Tp > 1.5 GeV all data exhibit simi- 
lar shapes, rising steadily with decreasing kaon momenta, 
passing a maximum and falling steeply at low momenta. 
The maxima around Pmax ~ 245 MeV/c coincide within 
2 MeV/c, i.e. their positions do not depend on the proton 
beam energy. The independence of the peak positions from 
the beam energy Tp suggests that the effect is due to FSI 
effects of the produced kaons, since the basic production 
mechanism may change from 1.5 to 2.3 GeV (see Sect. 4). 
The ratio data at Tp = 1.0 GeV is much less precise and 
does not extend below pK ~ 220 MeV/c because of the 
large background at this low beam energy. Therefore, it is 
inconclusive with regard to the peak shape and position 
observed at the higher energies. 

To ensure that the pronounced peak structure of R{A/C) 
is not an artefact of the ANKE detection system, the 

2.3 GeV data were taken with both operation modes of 
D2, resulting in a change in the values of the momenta 
that are focused onto the individual range telescopes [12]. 
The data from Table 9 for R{A/G) at Tp = 2.3 GeV ob- 
tained with the 1.3 T and 1.6 T modes, show that these 
data sets agree, as illustrated in Fig. 6 for i?(Au/C). This 
also demonstrates that the 30% uncertainty of the abso- 
lute cross sections measured at Tp = 2.3 GeV cancels out 
for the ratios. In addition, the statistical errors are signif- 
icantly smaller here. Consistent values for the ratios were 
also obtained when the polar if "'"-emission angles were re- 
stricted to 'dK+ < 3°, as shown in Fig. 6. 

The ratios of kaon-production cross sections i?(Cu/C), 
i?(Ag/C) and i?(Au/C) measured at 2.3 GeV are pre- 
sented in Fig. 7. The position of the maximum of i?(A/C) 
varies with nucleus; a fit to the data results in Pmax ~ 
211 ± 6, 232 ± 6 and 245 ± 5 MeV/c for Cu, Ag and Au, 
respectively [3]. 

In an earlier publication [3] we showed that from the 
cross section ratios R{A/C) the nuclear if+-potential for 
normal nuclear density can be derived with high accu- 
racy. This is illustrated in Fig. 7, where the results of 
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Fig. 5. Ratios of the ^'"'"-production cross sections _R(Au/C) 
measured at Tp = 1.0, 1.5, 1.75 and 2.3 GeV as a function of 
the laboratory kaon momentum (cf. Tables 6-9). 



model calculations for i?(Au/C) within the CBUU trans- 
port code [4,5] are plotted. Without any FSI the ratio 
i?(Au/C) is almost independent of the kaon momentum, 
and the average ratio i?(Au/C) ~ 9 corresponds to an 
A-dependence a oc A" with a ^ 0.79. 

It has frequently been argued that the A-dependence 
of the iiT "'"-production cross section is sensitive to the dom- 
inant production mechanism. In a naive model for direct 
ii' "'"-production in a collision of the beam proton with a 
single target nucleon the A-dcpendence is given by the 
inelastic scattering cross section of the incident proton 
which can be parameterised as A" with a ~ 0.6 — 0.7 (see 
Rcf. [19] and references therein). Nuclear effects, like the 
intrinsic momenta of the participating nucleons or Pauli 
blocking should not depend on the target mass. There- 
fore, one expects that the iiT "'"-production cross section 
is proportional to ^A^-^"*^-^ if the kaons are dominantly 
produced via the direct mechanism, if "'"-mesons can also 
be produced in two-step processes with intermediate pion 
production {pNi^nX) and subsequent ttN2^K^X reac- 
tions on a second target nucleon [5,13,20-24]. Since two 
nucleons are needed in this case, a stronger A-dependence 
with a > 1 is expected. However, the analysis of K~^- 
production data in Ref. [19] shows that it is not possible 
to draw unambiguous conclusions about the underlying 
reaction mechanisms from the A-dependence of differen- 
tial cross sections. The reason for this is that FSI 
effects change the shape of the kaon spectra and, as a re- 
sult, the A-dependence may vary with the kaon momenta 
and emission angles covered by the particular experiment. 
For example, rescattering processes tend to slow down the 
produced kaons leading to a steadily rising ratio i?(Au/C) 
with decreasing momenta, see dashed line in Fig. 7. 
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Fig. 6. Upper: Ratios of the if^-production cross sections 
i?(Au/C) measured at Tp — 2.3 GeV and different operation 
modes of D2 (cf. Table 9). Lower: Same ratios measured in the 
full ANKE acceptance and restricted to angles 1?^^+ < 3°. 



In a purely classical picture, kaons produced at some 
radius i? in a nucleus acquire an additional momentum 
of Pmin = ■\/2TOif Vc'(i?) in the repulsive Coulomb poten- 
tial. This corresponds to a minimum momentum of px ^ 
130 MeV/c for an Au nucleus. Thus i?(Au/C) should drop 
to zero for smaller kaon momenta. This is well repro- 
duced by the calculations presented in Fig. 7 and results in 
the pronounced peak structure of the cross-section ratios. 
From this peak position, which can be determined with 
high accuracy both in the data and the calculated spec- 
tra, the nuclear "''-potential can be determined with high 
accuracy [3]. 

The repulsive nuclear /C^-potential, which is expected 
to be of strength Vk = 22±5 MeV [25], independent of the 
target mass A, shifts the kaon momenta, and thus the peak 
positions, to higher values. In Fig. 7 we illustrate this effect 
for Vk = 0, 20 and 40 MeV. The best agreement between 
the measured and calculated peak positions is obtained 
for Vk = 20 MeV with an estimated uncertainty of about 
±3 MeV. We expect that an even higher precision in Vk 
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Fig. 7. Upper: Ratios of the ^''''-production cross sections 
7?(Cu/C) (1.3 T), R{Ag/C) (1.3 T), i?(Au/C) (1.6 T) mea- 
sured at Tp = 2.3 GeV as a function of the laboratory kaon 
momentum (cf. Table 9). Lower: Result of model calculations 
with the CBUU transport code [5] for _R(Au/C) showing the 
effect of rescattering, the Coulomb and nuclear K'^ poten- 
tials (dotted line: no rescattering and no potentials; dashed: 
only rescattering, no potentials; dashed-dotted: rescattering 
plus Coulomb; solid: full calculation taking into account rescat- 
tering. Coulomb and different nuclear potentials). The arrow 
indicates the position of the maximum of the measured ratio 
i?(Au/C). 



could be obtained from refined model calculations for the 
full data set (all beam energies and target nuclei) which 
not only reproduce the peak positions of i?(A/C) but also 
the shape of all measured distributions, in particular at 
low kaon momenta [26] . 
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4 Systematics of available p C cross sections 

Table 2 lists the available data on /v + production in pA 
collisions from ANKE and elsewhere in the literature. The 
different data sets were obtained for non-overlapping kine- 
matical parameters {i.e. beam energies, kaon emission an- 
gles and momenta) which prevents a direct comparison 
with the results from ANKE and, e.g., a test of the over- 
all normalisations. 

In Ref. [19] it was shown that the measured invariant 
cross sections E d^a/d^p follow an exponential scaling be- 
haviour when plotted as a function of the four-momentum 
transfer t, as illustrated in Fig. 8. 

Apart from the data taken with ANKE at Tp — 1.0 
and 1.2 GcV, all spectra cover the range of negative t. 
The sharp fall-off of the cross sections from ANKE to- 
wards positive values of t was explained in Ref. [19] by the 
fact that the data were taken very close to the kincmatical 
limit for hypernucleus formation at i = 0.145 GeV^ (Tp = 
1.0 GeV) which is usually accompanied by very small cross 
sections. For t < the individual data sets i show expo- 
nential dependences of the form Ed'^a/d'^p = Cq exp [fogt], 
with parameters Cq and 6q being given in Ref. [19]. It has 
been speculated in Ref. [19] that the differing slope pa- 
rameters 6g, as well as deviations from the exponential 
behaviour (see, e.g., the data from KaoS [32] in Fig. 8), 
reflect a dependence on the available squared CM en- 
ergy s and the excitation energy of the target nucleus. 
Am = nix — TTiA, where mx and uia denote the masses 
of the target nucleus before and after the reaction process, 
respectively. Based on Regge phenomenology [33] the fol- 
lowing formula has been suggested as a parameterisation 
of the invariant cross section: 



d^cr 

E oc f{t, m%) exp [bot ■ In (s/so)] 



(13) 



It is shown in the following that an explicit treatment 
of the s and Am dependences based on Eq. (13) allows 
one to describe all data sets with a single parameter bo, 
expressing the average t dependence of the invariant K~^- 
production cross section in pA interactions (see dashed 
line in Fig. 8 which has been calculated for an arbitrary 
value of Co). 

Figure 8 shows the invariant cross sections, divided by 
the factor exp [bot ■ In {s / sq)] using bo = 2.2 GeV~^ and 
So = 100 GeV^, as a function of the excitation energy 
Am. The two solid lines correspond to a parameterisation 
of the invariant cross sections in p^^C interactions 



d^cr 

E — =ao- ■ exp [bot ■ In (s/sq) 

&^p 



Z\m^« ■ (s/so)''°* , 



(14) 



with fitted parameters as summarised in Table 3. The 
term Am^° reflects a phase-space behaviour a oc Am^° = 
^^{3n-5)/2 Tf^i^Yi n particles in the final state. 

As can be seen from Fig. 8, the parameterisation from 
Eq. (14) can describe all available data on A'+ production 
in pA reactions, obtained at various detection angles and 
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Fig. 8. Upper: Invariant p^^C — > X cross sections as a 
function of the four-momentum transfer t between the beam 
proton and the outgoing kaon. The dashed line indicates the 
average t dependence, obtained from a global fit to all data 
sets using Eq. (14) (6o — 2.2GeV~^). Lower: Scaled invariant 
p^^C — > X cross sections as a function of the excitation 
energy Am of the target nucleus. The data from LBL [27] 
and ITEP [30,31] were measured with NaF (Be) targets and 
were corrected for the target-mass dependence according to 
Ref. [19]. The beam energies of the ANKE data sets (filled 
stars) are indicated; for Tp = 2.3 GeV the data obtained with 
B = 1.3 T (closed triangles in Fig. 4) were used. 
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Table 2. Data on iC^-production in pA collisions (ordered by the year of publication) at various beam energies Tp, kaon 
momenta pk and emission angles i9x ■ 



Ip {KjG V ) 


-LcLi gtJLo 


Pk Viviev/cj 


i9„ (°\ 


iVlcdaUlcLl ah 


0.842-0.99 


Be. . . Pb 


total cross 


sections 


PNPI [13] 


2.1 


NaF, Pb 


350-750 


15-80 


LBL [27] 


1.2, 1.5, 2.5 


C, Pb 


500-700 


40 


SATURNE [28] 


1.2 


C 


165-255 


90 


CELSIUS [29] 


1.65-2.91 


Be, Al, Cu, Ta 


1280 


10.5 


ITEP [30] 


2.9 


Be 


545 


17 


ITEP [31] 


1.0 


C, Cu, Au 


171-507 


< 12 


ANKE [2] 


1.6 


C, Au 


275-1075 


40-64 


KaoS [32] 


1.6 


Ni 


275-1075 


40 


KaoS [32] 


2.5, 3.5 


C, Au 


275-1075 


32-64 


KaoS [32] 


2.5, 3.5 


Ni 


275-1075 


40 


KaoS [32] 


1.0, 1.2, 1.5, 2.0, 2.3 


C,Cu,Ag,Au 


171-595 


< 12 


ANKE 



in different momentum domains, within a factor ~ 2 — 3. 
Within this uncertainty the cross sections from ANKE are 
in agreement with those from other experiments. Further- 
more, the parameterisation given by Eq. (14) supplies a 
Lorentz-invariant description of all available data which is 
independent of the choice of the reference system, pp or 
pA. 



Table 3. Parameters obtained from a fit with Eq. (14). 



Tp ao No (n) bo so 

(GeV) (nb GeV-^c^sr-i) (GeV-^) (GeV^) 

<1.58 25 17 (13) 

2.2 100 

>1.58 1000 9.5 (8) 



The fitted parameters together with Fig. 8 reveal the 
following kinematical features of /^^-production processes 
in nuclei: 

— The kinematical limit for the production of iC^-mesons 
in a pA reaction is at Arnynin = nT-A = 1-116 GeV/c^. 
In this limiting case only a /l-Hyperon is produced and 
no energy can be transferred to excite the target nu- 
cleus or knock out target nucleons. The initial target 
nucleus must take part in the reaction as a whole such 
that the effective target mass is 12-mM- There are only 
two particles, iir+-meson and hypernucleus, in the final 
state (corresponding to n = 2). 

— For excitation energies Am between 1.173 GeV/c^ (i.e. 
data point from ANKE at Tp = 1.0 GeV and pk+ = 
507 MeV/c) and ~ 1.7 GeV/c^ (beam energies be- 
low Tmn = 1-58 GeV) the production cross sections 
steeply rise. Within the phase-space treatment of the 
data (A^o = 17, n = 13) this indicates that all 12 nu- 
cleons plus the yl-hyperon should carry away energy in 
the final state. 



— At higher excitation energies Am > 2.0 GeV/c^ {Tp > 
1.58 GeV) the rise of the cross sections becomes less 
steep (iVo = 9.5, ??. = 8). 

These kinematical features can be linked to the mech- 
anisms leading to K'^ production in pA interactions: 

1. The 1.0 GeV ANKE data were obtained very close to 
the kinematical limit at Am^nin = itt-a = 1.116 GeV/c^. 
If the measurements were extended to even larger kaon 
momenta or to smaller beam energies (i.e. closer to the 
kinematical limit) the steep drop of the cross sections 
(n = 13) would end in the regime of hypernucleus pro- 
duction where n = 2 is expected. 

2. The simple phase-space description of the final state 
with n = 13 indicates that below threshold the K~^- 
production mechanisms have to transfer energy to all 
12 target nucleons and the produced hyperon. How- 
ever, this approach neglects collective effects in the 
initial target nucleus. Thus the steep drop of the cross 
sections might also reflect the fact that more and more 
nucleons must take part in the kaon-production pro- 
cess when approaching the kinematical limit (up to 
12 ■ toat). In fact, the ANKE data at 1.0 GeV reveal 
a high degree of collectivity in the target nucleus (see 
Ref. [2]). For example, if the kaons arc produced in a 
collision of the 1.0 GeV beam proton with a single tar- 
get nucleon, internal momenta of at least ~ 550 MeV/c 
are needed in order to produce kaons in the forward di- 
rection with momenta of Pk+ ^ 500 MeV/c. Such high 
momentum components are essentially due to many- 
body correlations in the nucleus. Within a very simple 
phase-space approximation (which neglects the intrin- 
sic motion of the target nucleons) it can be shown that 
the number of participating target nucleons must be 
^ 5—6 [2]. It has been suggested [5, 13,20-24] that such 
effects can be described in terms of multi-step mech- 
anisms or high-momentum components in the nuclear 
wave function. 

3. The different slope parameters below and above the 
free NN threshold indicate a change of the K^-pio- 
duction mechanism. This has been proposed long ago 
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in Rcf. [13] and is confirmed by microscopical model 
calculations [5, 20-24] and recent K^d coincidence mea- 
surements with ANKE [34]. These suggest that be- 
low threshold the kaons are dominantly produced in 
two-step reactions with intermediate pion formation, 
whereas at higher energies direct production on a 
single nucleon prevails. 



5 Inclusive K'^ cross sections from pD 
interactions 

A'+-production in pD interactions was measured at two 
beam energies, Tp = 1.83 and 2.02 GeV. ANKE was op- 
erated in the 1.45 T and 1.6 T modes and the vertical 
and horizontal kaon detection angles were restricted to 
i9 < 4°. For absolute normalisation of the cross sections 
the luminosity C has been determined with the help of 
events from pd elastic scattering. These have been mea- 
sured with the ANKE spectator-detection system; details 
of the detectors and the normalisation procedure are de- 
scribed in Ref. [11]. The overall systematic uncertainty in 
the absolute normalisation is 20%. All other analysis pro- 
cedures are in accord with those for the heavier targets 
described in Sect. 2.1. 

Figure 9 shows the iiT """-momentum spectra measured 
at beam energies Tp = 1.83 GcV and 2.02 GeV on the 
deutcron target and at 2.0 GeV on carbon. The differ- 
ence between the pD cross sections can be attributed to 
the fact that the lower energy is significantly closer to 
the free nucleon-nuclcon threshold. The different pD and 
pC cross sections at Tp = 2.0 GeV can be explained in 
the framework of the Glauber model [35]. In this model, 
beam protons effectively "sees" 7.3 nucleons in a carbon 
target [5,13]. Thus the ratio of the pC and pD cross sec- 
tions should be about 3.5, which is confirmed by the data. 
This finding suggests that at Tp = 2.0 GeV kaons are pro- 
duced on individual nucleons both in deuteron and carbon 
targets. There is no indication for any collective target be- 
haviour. Furthermore, shadowing effects in the deutcron 
are smaller than 5% [36]. Therefore, for the following anal- 
ysis, which is carried out in a simple phase-space approach, 
we assume = ctj, -|-cr„, with cFn/ffp being a free param- 
eter. 

Following the analysis in Ref. [7] of different inclusive 
reactions giving rise to ^"'"-production, six main reaction 
channels lead to kaon production on the deutcron at our 
beam energies. They are listed in Table 11 together with 
the corresponding cross sections which have been calcu- 
lated using the parameterisations given in Ref. [7]. The 
calculated value for a{pp pK~^A) at 2.0 GeV is in agree- 
ment with the experimental result from Ref. [37]. For the 
simulation of phase-space distributed pD K^X events, 
the PLUTO package [38], which takes into account the 
intrinsic motion of the nucleons in the deuteron, has been 
used. The events have been generated for each reaction 
channel and weighted according to the total cross sec- 
tions from Table 11. Each event subsequently has been 
tracked through the spectrometer dipolc and all detection 
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Fig. 9. Double differential cross sections for production 
on a deuteron target measured at Tp = 1.83 and 2.02 GeV (c.f. 
Table 10) and on a carbon target at 2.0 GeV (c.f. Table 4). 



efficiencies have been taken into account. A comparison of 
the simulated spectra with the data is shown in Fig. 10 
(curve labelled by "cr„ = 2crp"). 
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Fig. 10. Double differential pD K X cross section at 
1.83 GeV and at 2.02 GeV in comparison with our model cal- 
culations using different ratios On/op (lines). 



The apparent difference between the calculated and 
measured cross sections can be due to the following rea- 
sons: our simple approach does not take into account the 
dynamics of the interaction in the different states (such as 
initial- and final-state interactions) and the ratio Onjop 
might be different from that suggested in Ref. [7]. Thus 
we repeated the simulations keeping the relative weights 
of the three pp and pn channels constant (as given in Ta- 
ble 11) while treating the ratio of the sum of these two 
contributions, i.e. Cn/CTp, as a free parameter. The result 
of the simulations with different ratios CTn /cp is also shown 
in Fig. 10. The best agreement between data and calcula- 
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tions is obtained for Onj Op ~ 3 at 1.83 GcV and dnj ~ 4 
at 2.02 GeV. 



6 Summary and outlook 

In this paper we present the full set of inclusive data on 
•pA — > K^X reactions measured at forward angles with 
the ANKE spectrometer at COSY-Jiihch. Far below the 
free nucleon-nucleon threshold there must be a strong col- 
lective behaviour of the target nuclei, whereas a change 
of the reaction mechanism is observed at higher energies. 
For a better understanding of the reaction mechanisms 
further microscopical model calculations should be per- 
formed. Such calculations are also needed to extract the 
precise value of the in-medium nuclear 7^ "''-potential from 
the cross-section ratios i?(^/C) measured at ANKE. 

The inclusive cross sections from ANKE are com- 
patible with those obtained at other facilities. All data sets 
together now cover a wide kinematical range, i.e. beam en- 
ergies, kaon momenta and emission angles. We currently 
do not foresee further inclusive measurements since we re- 
gard the existing data sets — in particular with recent 
results from the KaoS collaboration obtained at larger 
kaon-emission angles [32] — as being largely sufficient. 
However, we expect that significant progress for the un- 
derstanding of the JT^-production mechanisms will come 
from correlation data, where the produced kaons are mea- 
sured in coincidence with protons, deuterons and other 
light fragments. A first step in this direction has already 
been made at ANKE. Data on the reaction pC K^dX 
at 1.2 GeV provide the first direct indication for kaon 
production in the particular two-step reaction pNi ird, 
7rA^2 — * K^A with formation of intermediate pions in the 
target nucleus [34] . The data also hint on processes involv- 
ing p{2N) K^dA reactions on two-nucleon clusters. 

First correlation measurements have also been per- 
formed using deuteron targets. A preliminary analysis of 
the proton-momentum spectra from pD — > K^pX events 
confirm our present conclusion from the inclusive data 
that the ilT """-production cross section on neutrons is sig- 
nificantly larger than on protons [39] . This finding should 
be taken into account in future model calculations, espe- 
cially of production in heavy ion reactions. 

It is also planned to measure at ANKE the produc- 
tion of K^K^ pairs in pA collisions. It can be expected 
that the measurement of low-momentum kaons offers the 
unique possibility to determine the nuclear A' ""-potential 
for normal nuclear density with similar accuracy to that 
of the if """-mesons. 
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Table 4. Double differential cross sections for p^^C — » K'^ X reactions obtained with the 1.3 T mode. The errors do not include 
the systematic uncertainties from the normalisation to pion data. 



Pjf+ dV/df2dp (nb/(sr MeV/c)) 

(MeV/c) Tp=1.0 GeV 1.2 GeV 2.0 GeV 2.3 GeV 



171 


± 


11 


0. 


,073 


± 


0, 


,027 


0, 


,60 


± 


0, 


,18 


9.9 ± 1.8 


11.9 


± 


2.9 


192 


± 


12 


0. 


,073 


± 


0, 


,048 


0, 


,88 


± 


0, 


,19 


18.6 ±1.8 


27.9 


± 


4.3 


216 


± 


11 


0. 


,125 


± 


0, 


,028 


1, 


,41 


± 


0, 


,23 


24.7 ±2.1 


45.6 


± 


5.1 


240 


± 


12 


0. 


,132 


± 


0, 


,032 


1, 


,46 


± 


0, 


,21 


28.3 ± 2.3 


51.4 


± 


5.4 


266 


± 


14 


0. 


,178 


± 


0, 


,052 


2, 


,47 


± 


0, 


,26 


45.7 ±2.9 


75.5 


± 


6.8 


295 


± 


15 


0. 


,270 


± 


0, 


,036 


2, 


,73 


± 


0, 


,28 


54.1 ±3.0 


89.9 


± 


6.7 


325 


± 


15 


0. 


,337 


± 


0, 


,045 


4, 


,82 


± 


0, 


,41 


86.0 ±5.4 


138 


± 


12 


355 


± 


15 


0, 


,302 


± 


0, 


,036 


6, 


,02 


± 


0, 


,54 


99.8 ±6.8 


158 


± 


13 


385 


± 


15 


0. 


,330 


± 


0, 


,053 


6, 


,76 


± 


0, 


,52 


115.9 ±7.5 


188 


± 


15 


415 


± 


15 


0. 


,257 


± 


0, 


,038 


6, 


,89 


± 


0, 


,61 


145 ± 11 


245 


± 


22 


445 


± 


15 


0. 


,201 


± 


0, 


,066 


9, 


,61 


± 


0, 


,85 


186 ± 14 


310 


± 


28 


475 


± 


15 


0, 


,165 


± 


0, 


,047 


8, 


,21 


± 


0, 


,61 


194.4 ±9.5 


313 


± 


23 


507 


± 


17 


0, 


,088 


± 


0, 


,042 


6, 


,44 


± 


0, 


,73 


220 ± 12 


389 


± 


30 



Table 5. Double differential cross sections for p^^C — > K'^ X reactions obtained with the 1.6 T mode. The errors do not include 
the systematic uncertainties from the normalisation to pion data. 



Pk+ d^a/df2dp (nb/(sr MeV/c)) 

(MeV/c) Tp = 1.2 GeV 1.5 GeV 2.3 GeV 



209 


± 


6 


1, 


,28 


± 


0, 


,40 


14.0 ±2.9 


73.2 ±9.7 


233 


± 


6 


2, 


,07 


± 


0, 


,50 


14.8 ±2.7 


78± 11 


259 


± 


6 


2, 


,82 


± 


0, 


,58 


17.1 ±3.3 


105 ± 17 


285 


± 


6 


3, 


,51 


± 


0, 


,58 


21.5 ±3.2 


128 ± 16 


315 


± 


6 


5, 


,52 


± 


0, 


,77 


42.0 ±5.0 


164 ± 17 


346 


± 


6 


6, 


,41 


± 


0, 


,81 


48.5 ±5.6 


238 ± 24 


378 


± 


6 


6, 


,96 


± 


0, 


,70 


58.0 ±5.5 


264 ± 22 


415 


± 


6 


8, 


,29 


± 


0, 


,70 


68.2 ±5.6 


321 ± 23 


450 


± 


6 


7, 


,94 


± 


0, 


,79 


77.1 ±7.4 


351 ±31 


486 


± 


6 


7, 


,24 


± 


0, 


,59 


84.4 ±6.7 


373 ± 27 


521 


± 


6 


6, 


,88 


± 


0, 


,53 


87.8 ±6.5 


416 ±26 


557 


± 


6 


6, 


,09 


± 


0, 


,73 


99± 11 


491 ± 48 


595 


± 


6 


4, 


,40 


± 


0, 


,55 


82.2 ±8.4 


428 ± 38 



Table 6. Cross section ratios A/C measured at Tp = 1.0 GeV with the 1.3 T mode. The error bars include the statistical and 
systematic uncertainties. 

Pk+ (MeV/c) Ratio 







Cu/C 




Au/C 


216 ± 


11 


2.05 ± 1. 


,30 


4.65 ±3.60 


240 ± 


12 


3.60 ± 1, 


,25 


5.70 ±3.30 


266 ± 


14 


3.40 ± 1. 


,10 


5.35 ± 2.55 


295 ± 


15 


3.95 ± 0. 


,85 


6.20 ± 1.90 


325 ± 


15 


3.85 ±1, 


,00 


6.20 ± 2.05 


355 ± 


15 


4.10 ± 0, 


,95 


7.40 ± 2.05 


385 ± 


15 


4.65 ± 0, 


,95 


8.25 ±2.10 


415 ± 


15 


4.95 ±0, 


,95 


9.10 ±2.30 


445 ± 


15 


5.15 ±1, 


,50 


7.40 ± 3.20 


475 ± 


15 


4.10 ± 1, 


,30 


5.50 ± 2.55 


507 ± 


17 


4.70 ± 2, 


,10 


10.55 ±7.15 
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Table 7. Cross section ratios Au/C measured at Tp — 1.5 GeV with the 1.6 T mode. The error bars include the statistical and 
systematic uncertainties. 



Pji+ (MeV/c) 


Ratio 




Au/C 


184 ± 8 


3.18 ± 0.94 


209 ± 11 


4.75 ± 0.71 


233 ± 11 


6.71 ±0.61 


260 ± 12 


6.40 ± 0.39 


285 ± 13 


5.68 ±0.36 


315 ± 14 


4.76 ±0.27 


347 ± 14 


4.96 ± 0.22 


378 ± 14 


4.42 ±0.18 


412 ± 14 


4.33 ±0.17 


448 ± 14 


4.11 ± 0.16 


485 ± 15 


3.82 ±0.15 


522 ± 15 


3.70 ±0.18 


560 ± 16 


3.74 ±0.23 


596 ± 16 


3.88 ±0.27 



Table 8. Cross section ratios Au/C measured at Tp = 1.75 GeV with the 1.6 T mode. The error bars include the statistical 
and systematic uncertainties. 



Pk+ (MeV/c) Ratio 
Au/C 



158 ±8 


1. 


,96 


± 


2, 


.00 


184 ±8 


4. 


.00 


± 


1, 


.41 


209 ± 11 


6. 


,24 


± 


0, 


.73 


233 ± 11 


9. 


,61 


± 


1, 


.02 


260 ± 12 


8. 


,15 


± 


0, 


.49 


285 ± 12 


7. 


,01 


± 


0, 


.42 


315 ± 13 


6. 


,23 


± 


0, 


.33 


347 ± 14 


5. 


,38 


± 


0, 


.24 


378 ± 14 


4. 


,83 


± 


0, 


.20 


412 ± 14 


4. 


,65 


± 


0, 


.18 


448 ± 15 


4. 


,64 


± 


0, 


.18 


485 ± 15 


4. 


,19 


± 


0, 


.16 


522 ± 15 


4. 


,12 


± 


0, 


.18 


560 ± 16 


3. 


,85 


± 


0, 


.21 


596 ± 16 


3. 


,76 


± 


0, 


,24 
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Table 9. Cross section ratios AjC measured at Tp = 2.3 GeV and different D2 operation modes. The error bars include the 
statistical and systematic uncertainties. 



p,^+ (MeV/c) 
B = 1.3T 1.6 T 


Cu/C 




Ag/C 




Au/C 


153 ±9 




2.54 ± 0. 


,30 


2.62 ± 0. 


,33 






158 ±8 






3.62 ± 1. 


,11 


2.98 ± 0.82 


175 ± 11 




3.63 ± 0. 


,28 


4.21 ± 0. 


,29 


5.40 ± 2.25 




182 ± 8 






5.53 ± 0. 


,53 


4.96 ± 0.45 


196 ± 11 




3.86 ± 0. 


17 


5.03 ± 0. 


,22 


7.44 ± 0.89 




208 ± 11 






6.17 ± 0. 


,31 


8.24 ± 0.38 


218 ± 11 




4.16 ± 0. 


14 


6.04 ± 0. 


,20 


9.14 ± 0.72 




233 ± 11 






5.76 ± 0. 


,25 


9.95 ± 0.40 


239 ± 11 




3.86 ± 0. 


13 


6.07 ± 0. 


,20 


10.84 ± 0.72 




259 ± 12 






5.77 ± 0. 


,19 


10.05 ± 0.34 


264 ± 12 




3.71 ± 0. 


12 


5.67 ± 0. 


,18 


9.31 ± 0.60 




285 ± 12 






5.25 ± 0. 


,18 


8.57 ± 0.29 


293 ± 14 




3.57 ± 0. 


10 


5.14 ± 0. 


,14 


7.91 ± 0.47 




315 ± 13 






4.59 ± 0. 


,15 


7.62 ±0.25 


317 ± 14 




3.228 ± 0. 


,084 


4.51 ± 0. 


,12 


7.18 ±0.43 


345 ± 15 




3.155 ± 0. 


,083 


4.28 ± 0. 


,12 


6.29 ± 0.34 




350 ± 14 






4.54 ± 0. 


,13 


6.75 ±0.20 


376 ± 15 




3.032 ± 0. 


,076 


4.14 ±0. 


,11 


6.16 ±0.34 




380 ± 14 






4.20 ±0. 


,11 


6.31 ±0.18 


407 ± 15 




3.010 ±0. 


,080 


3.94 ±0. 


,11 


5.27 ±0.30 




413 ± 14 






4.00 ±0. 


,10 


5.74 ±0.16 


438 ± 15 




2.702 ± 0. 


,079 


3.70 ±0. 


,11 


4.59 ±0.34 




450 ± 14 






3.73 ±0. 


,10 


5.43 ±0.15 


468 ± 15 




2.73 ±0. 


,10 


3.60 ±0. 


,13 


5.06 ±0.34 




487 ± 15 






3.54 ±0. 


,09 


4.97 ±0.14 


499 ± 17 




2.49 ±0. 


,11 


3.48 ± 0. 


,15 


4.63 ± 0.34 




525 ± 15 






3.45 ± 0. 


,10 


4.68 ±0.14 




560 ± 16 






3.17 ±0. 


,10 


4.50 ±0.14 




595 ± 16 






3.26 ±0. 


,11 


4.45 ±0.15 
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Table 10. Double differential cross section for pD — > K X reactions measured at 1.83 and 2.02 GeV with the 1.45 T and 1.6 T 
modes, respectively. The errors do not include the overall 20% systematic uncertainty from the determination of the luminosity. 



Pk+ (MeV/c) d^a/df2dp (nb/(sr MeV/c)) 

B = 1.45 T 1.6 T Tp = 1.83 GeV 2.02 GeV 



212±12 




2.01±0.56 


^ 9 
O.^zn i .z 


236±16 


9*^7-1-1 9 


2.34±0.56 


7 9-1-1 A 


261±16 


9fi9-l-1 9 

ZUZHZ IZ 


5.0±1.1 


1 1 f;^9 ^ 
i i .OUZZ.O 


287±12 


9QQ_(_i q 


5.21±0.96 


1 « 9^9 7 
iO.ZHZZ. ( 


319±15 


qi Q-Li c: 
oiyitio 


6.49±0.87 


1 R /1^9 Q 


349±17 


350±16 


10.5±1.2 


28.8±2.8 


382±14 


381±15 


14.5±1.7 


32.9±3.9 


415±15 


413±15 


15.8±1.7 


42.9±4.2 


449±17 


449±17 


19.1±1.7 


47.5±4.1 


485±17 


484±17 


22.2±1.9 


52.9±5.0 


521±18 


519±17 


33.0±3.9 


60.8±7.0 


554±12 


555±18 


29.0±3.4 


70.0±7.5 


587±15 


591±18 


29.1±3.4 


68.6±7.8 



Table 11. Relevant reaction channels for K production on deuterons and the corresponding total cross sections calculated 
according to the parameterisation taken from Ref. [7]. 



a (/ib) 



Reaction 


Tp = 1.83 GeV 


2.02 GeV 


pp — > AK^p 


3.85 


10.9 


pn — * AK^n 


7.12 


19.4 


pp S°K+p 


0.005 


1.36 


pn E°K+n 


0.008 


1.68 


pp S+K+n 


0.001 


0.52 


np — > E~ K'^p 


0.010 


2.78 



